The fabrication of chiral structures using achiral building blocks is a fundamental problem that remains a challenge in materials science. In this work we present a molecular dynamics simulation study of nonconvex polygonal platelets interacting via soft-repulsive interactions confined in two-dimensional space. These particle models are designed to promote even at moderate densities a natural offset displacement between the edges of neighbouring particles. In particular we demonstrate that nonconvex platelets exhibit macroscopic chiral symmetry breaking when the symmetry of the particles equals (or is multiple of) the number of nearest neighbours in the condensed crystalline phase, corresponding to the situation of platelets with 4-, 6-, and 12-fold symmetries.
monolayers, observing the formation of a triatic phase charac- 26 terised by three-fold quasi-long range orientational order. At high 27 particle concentrations, this triatic phase exhibits a local CSB in 28 which neighbouring particles around a central particle, rather 29 than being aligned face-to-face with their apothems sharing the 30 same axis, exhibit an offset angular displacement q with either 31 positive or negative directions resulting in different enantioners.
32
The authors proposed an explanation of this local CSB in terms 33 of rotational entropy arguments. Later on, Carmichael and Shell 34 performed a detailed computer simulation study of monolayers 35 of triangular platelets with rounded corners 13 . In particular, the 36 authors found that corner rounding in itself, which is present in 37 the experimental particles of Zhao and co-workers 12 , promotes 38 local CSB. Gantapara and co-workers 19 revisited the phase dia-39 gram of perfect equilateral triangles 13, 20 . The authors observed 40 the formation of a triatic phase similar to the one observed in the 41 experimental study of Zhao and co-workers 12 , but there was not 42 evidence of local CSB in the triatic phase at moderate densities.
43
However, these authors found that at high densities equilateral unique example of entropy-driven macroscopic CSB in a system 51 of achiral particles 19 .
52
In this work, we study the self-assembly monolayers of noncon- bouring particles. In particular we demonstrate that when the 57 symmetry of the nonconvex platelets equals the number of near-58 est neighbours per particle, the system experiences macroscopic 59 CSB driven purely by packing effects. the Weeks-Chandler-Andersen (WCA) soft-repulsive potential 21 .
64
Note that the large internal cavity of the particles is not relevant in 2D, thus the rings represent planar nonconvex platelets of area 66 A p (see the Appendix for more details of the particle model 
where y l, j is the local bond-order parameter of particle j, N j is 118 the number of nearest neighbours of particle j determined using a 119 Voronoi tessellation algorithm 31 , and q jk is the angle made by the 120 bond between particle j and its nearest neighbour k with respect 121 to an arbitrary axis. Orientational order is analysed using the 122 global orientational order parameter 32,33
where n is the symmetry of the platelets. The appearance chiral 124 symmetry breaking is quantified using a chiral order parameter 125 X c defined in this work as
where c c, j is the local chiral order parameter of particle j, and 127 N + j and N j are the number of nearest neighbours of particle j 128 adopting clockwise or anticlockwise offset angular displacements 129 of their edges, respectively. Note that this parameter can take the 130 limiting values of X c ⇠ 1 (macroscopic left handed CSB), X c ⇠ 131 1 (macroscopic right handed CSB), and X c ⇠ 0 (achiral/racemic 132 structures).
133

Results
134
We discuss first the results for the phase behaviour of hexagonal 135 platelets obtained from compression runs, which are presented in 136 Figure 1 (a). Expansion runs starting from a perfect crystal led 137 to equivalent results. On sequential compression using NPT MD 138 simulations the system exhibits a first-order phase transition from 139 an isotropic (Iso) state (f = 0.618, 
and
respectively, which are shown in Figures 1(c-d) . It is evident 181 from the behaviour of G 6 (r) that both RHx and CHx states ex-182 hibit long-range hexagonal order. However, only the CHx state 183 exhibits long-range chiral order as revealed from the behaviour 184 of G c c (r), confirming the appearance of macroscopic CSB.
185
The phase behaviour of nonconvex polygons with 3, 4, and 186 5-fold symmetries of curvature k = 1/3 are also analysed to fur-187 ther investigate the role of symmetry on the formation of chiral rials 34,37,38 . Kang and co-workers 37 , for example, recently re-235 ported the appearance of chiral and achiral structures during the 236 buckling of hexagonal and square honeycomb cellular materials. 237 The swelling of the structural plates of the cellular materials pro-238 motes the formation of sinusoidal buckling instabilities (see Fig-239 ure S4 in the SI 35 ). In particular the authors observed that when 240 the plates of the cellular materials exhibit half sinusoidal buck-241 ling patterns (either up _ or down^), the systems form achiral 242 structures. However, buckling instabilities comprised of complete 243 sinusoidal instabilities (⇠ for anticlockwise rotation or v for 244 clockwise rotation) induce all the walls of the cell to buckle with 245 the same handness and macroscopic CSB is observed (see Figure 246  S4 (b,d) in the SI 35 ). Although in our system there are no buck-247 ling instabilities as such, the edge-to-edge offset rotational shift 248 between paired edges of neighbouring platelets induces a simi-249 lar effect, i.e. the shift produces a complete sinusoidal-like effect 250 (_ for left-handed displacement or_ for right-handed dis-251 placement) as in the interlocking of mechanical gears. Therefore, 252 only when all the edges of a polygon are able to interlock with the 253 edges of neighbouring particles, the system can exhibit sponta-254 neous macroscopic CSB. This is the case of nonconvex hexagonal 255 and square platelets. A similar effect was observed in dodecagons. 256 The close-packed structure of regular (convex) dodecagons is a 257 hexagonal lattice in which 6 of the edges of the particles are in 258 direct contact with the edges of the 6 nearest neighbours. In 259 the case of nonconvex dodecagons, however, the same 6 curved 260 The platelets are represented as a rigid planar body comprised of 306 N b soft-repulsive spherical beads of diameter s . Starting with a 307 polygon with straight edges (see for example Figure 5 (a) for the 308 case of a triangle), the curvature of the platelet is controlled by 309 shifting the beads of the edges of the original particle , originally 310 separated by a distance s /2, towards the centre of the particle 311 (keeping the beads forming the vertices fixed) according to the 312 following quadratic function
where n is the symmetry of the platelets and k is the degree of 314 curvature. Note that the lengths in Equation 6 are given in units 315 of s . An example of a nonconvex platelet with 3-fold symme-316 try and curvature k = 1/3 is shown in Figure 5 (b) for illustration. 317 Despite the platelets being modelled as rigid rings, the internal 318 empty cavity of the particles is insignificant in two-dimensional 319 systems. Therefore, the particles effectively represent nonconvex 320 platelets of planar area A p . This particle area A p is required to cal-321 culate the packing fraction of a system and is obtained according 322 to the following expression:
where D n is the area of a straight polygon in which the platelet is 324 inscribed, N b,s is the number of beads per side (fixed at N b,s = 13 325 for all cases presented in this study), and the regions E 1 and E 2 326 are defined in Figure 6 . The area E 2 depends only on the number 327 of sides of the platelet n and is given by
where J (n) = (2n) 1 p(n 2) is a half of the internal angle of the 329 straight polygon shown in Figure 6 . Finally, the expression for 330 the area E 1 is obtained from integration of the quadratic function 331 used to defined the curvature and is given by 
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S1. EQUATIONS OF STATE OF NONCONVEX POLYGONS
In addition to the phase behaviour of nonconvex hexagonal and square platelets presented in the main text, we analyse the e↵ect of the in-plane rotational symmetry of nonconvex polygons with three-and five-fold symmetries and curvature k = 1/3. The phase diagrams for these systems are shown in Figures S1 and S2 .
We discuss first the phase behaviour of nonconvex pentagons. The results, which are shown in Figure S1 , are similar to the results previously reported for perfect pentagons with straight edges [1] . Nonconvex pentagons exhibit two phase transitions. The first transition is from an isotropic (Iso) state to a hexagonal rotator (RHx) phase in which the particles arrange in a hexagonal lattice with random orientations. The second transformation is from a RHx phase to a distorted hexagonal (Hx) phase. In this Hx phase the five-fold orientational order parameter 5 is negligible for all packing fractions explored (results not shown), but 10 approaches to the unity which shows that the Hx phase is formed by alternating rows of oppositely pointing particles (see Figure 2 (b) in the main text).
The results for nonconvex triangles are shown in Figure S2 . Contrary to what it is observed in the simulations of perfect triangles studied by Gantapara and co-workers [2] where particles form a triatic phase, nonconvex triangular platelets with curvature k = 1/3 exhibit a transition from a low-density isotropic phase to a striped (achiral) triangular (Tr) phase characterised by alternating rows of oppositely oriented particles (see Figure 2(d) in the main text) .
Finally, based on the same symmetry arguments used for squares, pentagons, and hexagons, one would expect that non-convex platelets with 7-, 8-, 9-, 10-, and 11-fold symmetries cannot form chiral crystals as these structures form hexagonal crystals. This is indeed confirmed by analysing the closed-packed configurations of heptagons and octagons shown in Figure S3(a,b) . The case of dodecagons, however, is di↵erent. Analysis of the closed-packed configurations of dodecagons with k = 1/3 shown in Figure S3 (c) reveal the formation of a chiral structure. In this case the symmetry of the platelets is a multiple of the number of nearest neighbours in the crystals thus half of the edges can be paired promoting a similar angular displacement as in the case of hexagons and squares.
S2. GEOMETRICAL MECHANISM OF MACROSCOPIC CHIRAL SYMMETRY BREAKING.
As shown in references [3] [4] [5] , certain buckling instabilities in 2D low-density cellular materials can induce macroscopic CSB. These structures resemble the structures observed in nonconvex hexagons and squares. When these instabilities comprise only of half sinusoids, neither square nor hexagonal cellular materials exhibit macroscopic CSB (see Figures S4(a,c) ). However, when the instabilities are comprised of complete sine waves, the system exhibits macroscopic CSB through the induction of a rotation of the walls of the cellular materials in the same direction ( see  S4(b,d) ). In our systems of curved nonconvex platelets we do not have such buckling instabilities. However, the pairing of the curved edges of a given platelet with the edges of neighbouring particles induces a similar rotation mechanism as in cellular materials that leads to the appearance of macroscopic CSB. This induced rotation in nonconvex platelets is sketched in Figure S5 .
In the case of triangular cellular materials, buckling instabilities can induce chiral rotation when the triangles are arranged in an edge-to-edge configuration as shown in Figure S6(a) . However, the most e cient packing of nonconvex triangles is when they arrange in a vertex-to-edge configuration for which geometrical frustration prevents the rotation of the particles in the same direction as shown in Figure S6 
